There is an increasing demand for developing a power-switching diode with high breakdown voltages while maintaining low on-state resistances. In addition to these requirements, the forward turn-on voltage of the rectifying diode should be kept small to achieve high RF-to-DC conversion efficiencies in microwave transmission and detection systems [1] . GaN and related materials are attracting considerable attention for next-generation power devices due to their attractive material properties, such as high breakdown field and high saturation velocity of electrons. Although a Schottky-barrier diode using wide bandgap materials is regarded as a breakthrough device to improve tradeoff relation between breakdown voltage and on-state resistance, limited number of papers have so far addressed the issue of reducing the forward turn-on voltage while keeping excellent characteristics in breakdown voltage and on-state resistance [2] .
Simulation Model
The device characteristics were calculated by solving Boltzmann transport equation based on an ensemble Monte Carlo algorithm coupled with 2-D Poisson equation [3] . The model incorporates analytical three valley band structures with nonparabolicity for GaN. The scattering mechanisms considered are acoustic phonon scattering, polar optical phonon scattering, equivalent and non-equivalent intervalley phonon scattering. The reverse current density due to electron emission from the Schottky barrier into the semiconductor was calculated based on the standard thermionic emission theory including the Schottky effect. The image-force induced barrier lowering is given by
where ε s is the permittivity of GaN and E is the maximum electric field at the metal-semiconductor interface. The value of electric field was updated by solving Poisson equation every 10fs. Figure 1 shows the schematic illustration of 3-types of GaN-based Schottky-barrier diodes, i.e., standard singlemetal planar structure ( Fig. 1(a) ), dual-metal structure ( Fig.  1(b) ) and recessed dual-metal structure ( Fig. 1(c) ). A barrier height of 0.4eV was assumed for the standard diode, while low and high barrier heights of 0.4 and 0.8eV were assumed for the dual-metal diodes. Figure 2 shows the simulated forward I-V characteristics for 3-types of diodes. A turn-on voltage of about 0.2V was calculated for all diodes with an on-state resistance of 1.2, 1.7 and 1.6Ωmm for standard, dual-metal and recessed dual-metal diodes, respectively. Figure 3 shows the reverse I-V characteristics. The use of dual-metal cathode structure is effective to reduce reverse leakage current by 2 orders of magnitude and further reduction by an order of magnitude is obtainable by introducing the recessed dual-metal structure. Figure 4 shows the calculated potential distributions for 3-types of diodes. The high-field region is clearly observed near the Schottky edge in the anode side. The introduction of high-barrier height Schottky cathode is effective to reduce the reverse leakage current (Fig.4 (b) ). Furthermore, significant reduction in the electric field is observed by employing the recess in the dual-metal Schottky structure, as shown in Fig. 4(c) . This 2-D potential effect is clearly illustrated in Fig.5 , where vertical electric field along the metal-semiconductor interface for the recessed dual-metal diode is effectively reduced in the central part of the low-barrier metal region. Calculation results are comparatively summarized in Table I .
Results and Discussion

Conclusions
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diodes has been performed. The novel recessed dual-metal composite Schottky structure was found to be effective to achieve low turn-on voltage while maintaining high breakdown characteristics. 
